[1] Teleseismic shear wave splitting measured at 56 continuous and temporary seismographs deployed in a 500 km by 600 km area around the Yellowstone hot spot indicates that fast anisotropy in the mantle is parallel to the direction of plate motion under most of the array. The average split time from all stations of 0.9 s is typical of continental stations. There is little evidence for plume-induced radial strain, suggesting that any contribution of gravitationally spreading plume material is undetectably small with respect to the plate motion velocity. Two stations within Yellowstone have splitting measurements indicating the apparent fast anisotropy direction (f) is nearly perpendicular to plate motion. These stations are $30 km from stations with f parallel to plate motion. The 70°r otation over 30 km suggests a shallow source of anisotropy; however, split times for these stations are more than 2 s. We suggest melt-filled, stress-oriented cracks in the lithosphere are responsible for the anomalous f orientations within Yellowstone. Stations southeast of Yellowstone have measurements of f oriented NNW to WNW at high angles to the plate motion direction. The Archean lithosphere beneath these stations may have significant anisotropy capable of producing the observed splitting. 
Introduction
[2] The Yellowstone Plateau volcanic field in northwestern Wyoming is the youngest manifestation of the Yellowstone hot spot. Three large, caldera-forming explosions at Yellowstone in the past 2 Myr, as well as numerous flows between each of the caldera-forming events, have erupted as much as 6500 km 3 of rhyolite and basalt [Christiansen, 2001] . Beginning at the youngest, 0.64 Ma caldera at the Yellowstone volcanic field, an 800 km line of progressively older eruptive centers extends SW along the eastern Snake River Plain (ESRP) to the 16 Ma McDermitt volcanic field on the Oregon-Nevada border [Christiansen and Yeats, 1992] . Perkins and Nash [2002] identified 142 ash fall eruptions from Yellowstone, each of which may represent an explosive caldera-forming eruption along the hot spot track.
[3] The rate and direction of the progression of the hot spot across the southwesterly moving North America plate are consistent with a persistent, stationary, sublithospheric source. Yellowstone has been viewed as the archetypical continental hot spot primarily because of four characteristics that suggest a mantle source: (1) the well-defined track of progressively older silicic volcanism in the direction of plate motion; (2) a parabolic pattern of high topography (>1000 m) and seismicity around the aseismic and topographically low ESRP with its apex at the Yellowstone plateau [Smith and Sbar, 1974; Anders et al., 1989; Pierce and Morgan, 1992; Smith and Braile, 1994] ; (3) high 3 He/ granitic batholith [Lehman et al., 1982] . Evoy [1978] inverted teleseismic P wave delays and gravity jointly to reveal a low V P , low-density body extending to at least 100 km depth. Some degree of melt beneath the Yellowstone caldera is required to explain the gravity and P wave delays [Evoy, 1978] . Likewise, a small percentage of partial melt has been interpreted to exist in the upper mantle beneath the ESRP $200 km SW of Yellowstone [Schutt and Humphreys, 2004] .
[5] A low (À8%) V P body in the upper crust beneath the caldera has been imaged by local earthquake tomography [Benz and Smith, 1984; Miller and Smith, 1999; Husen et al., 2004] . This seismic anomaly has been interpreted as a hot body with up to a few percent partial melt [Miller and Smith, 1999; Husen et al., 2004] . Intense swarms and the largest historic earthquake in the Cordillera, the M S 7.5 1959 Hebgen Lake earthquake, characterize local seismicity. Crustal deformation measurements have documented periods of uplift and subsidence within and adjacent to the caldera [e.g., Pelton and Smith, 1982; Wicks et al., 1998; Puskas et al., 2002] . These local features are ultimately due to an influx of heat from the mantle [e.g., Smith and Braile, 1994; Christiansen, 2001] .
[6] Traditionally, the evidence has pointed to a mantle plume source for the Yellowstone hot spot [e.g., Morgan, 1971; Smith and Sbar, 1974; Duncan and Richards, 1991; Anders and Sleep, 1992; Pierce and Morgan, 1992; Bijwaard et al., 1998; Steinberger, 2000] . In this paper, a plume is defined generally as a near-vertical, approximately axisymmetric, buoyant upwelling arising from an unspecified depth in the mantle. Some researchers have suggested there is not definitive evidence for or against a mantle plume [e.g., Smith and Braile, 1994; Humphreys et al., 2000] , while others have argued against a plume source [e.g., Favela and Anderson, 2000; Christiansen et al., 2002] .
[7] Perhaps the most compelling evidence against a plume source for Yellowstone has been the lack of a clear seismic image of the plume in regional P wave tomography studies [Evans and Iyer, 1979; Iyer et al., 1981; Dueker and Humphreys, 1990; Dueker, 1994a, 1994b; Christiansen et al., 2002] . While these studies show a lowvelocity anomaly to at least 200 km depth, the limitations in the data may preclude resolution of deeper anomalies.
[8] Global P wave tomography models by Bijwaard et al. [1998] and Montelli et al. [2004] reveal a low-velocity anomaly to at least 650 km beneath Yellowstone. Bijwaard et al. [1998] interpret the anomaly as a plume. However, Montelli et al. [2004] , seeing no evidence for continuation of the anomaly through the lower mantle to the core-mantle boundary, do not interpret the Yellowstone anomaly as a plume. Uncorrelated 410 and 660 km discontinuity topography beneath Yellowstone argues against a vertically coherent thermal plume through the mantle transition zone [Fee and Dueker, 2004] .
[9] New tomography studies employing an expansive data set of teleseismic P and S wave records from seismographs deployed for the same project that provided the data for this paper indicate strong low P and S wave velocity anomalies are present to $250 km directly beneath Yellowstone. A weaker anomaly continues down to at least the 410 km discontinuity at a point 100 km NW of Yellowstone [Waite et al., 2003; Jordan et al., 2004] . These data resolve a plume through the upper mantle that may be entrained in local or regional mantle flow.
[10] Studies of shear wave anisotropy have been used to test models of the upper mantle strain field predicted to result from buoyant plumes [e.g., Rümpker and Silver, 2000; Walker et al., 2001; Kaminski and Ribe, 2002] . The combination of radial flow of plume material at the base of the plate with shear by the moving plate over the relatively stationary mantle is expected to produce a parabolic pattern of asthenosphere flow [e.g., Sleep, 1990] . This mantle flow pattern should be reflected in the anisotropic fabric around the hot spot. Parabolic patterns of shear wave anisotropy measured by shear wave splitting have been attributed to plume-plate interaction at the Hawaii and Eifel hot spots [Walker et al., 2001 Bokelmann et al., 2003] .
[11] A significant mantle plume should produce a similar parabolic flow pattern at Yellowstone. For example, the parabolic pattern of high topography and seismicity that surrounds the Snake River Plain has been attributed to plume-lithosphere interaction [e.g., Anders et al., 1989; Smith and Braile, 1994; Lowry et al., 2000] . Shear wave splitting measurements can be used to resolve the anisotropic fabric expected to be produced by mantle flow. For this purpose, we measure splitting of core-refracted mantle phases SKS, SKKS, and PKS from earthquakes recorded on arrays of permanent and temporary broadband stations around Yellowstone.
Methods for Measuring Shear Wave Splitting
[12] Seismic anisotropy was estimated from birefringence of teleseismic shear waves recorded at distances of 60°to 180°. We used the methodology of Silver and Chan [1991] to estimate the azimuth of the shear wave polarization with the maximum velocity, f, and the accumulated arrival time difference between the fast and slow polarized waves, dt. The splitting parameters (f and dt) that minimize energy on the tangential component (E t ) are the best fitting parameters. We also employed the method of Levin et al. [1999] , which uses cross correlation between the radial and tangential traces to estimate the splitting parameters. These methods assume that a single layer of transversely anisotropic material with hexagonal symmetry produces the splitting. Because of this assumption, the modeled splitting parameters are referred to as ''apparent'' splitting parameters.
[13] Silver and Chan [1991] show that E t (f, dt) can be regarded as a c 2 variable, so estimates of the uncertainties can be made with F test statistics. The method of Silver and Chan [1991] has been shown to underestimate errors for noisy data [Sandvol and Hearn, 1994] because it allows E t to be reduced below the noise level. To prevent this problem, we used a modified version of Silver and Chan [1991] that prevents minimization of E t below the noise level.
[14] The method of Levin et al. [1999] uses cross correlation of the radial and tangential traces to find the best estimates of the splitting parameters over the same grids of possible values. It assumes the split S wave is composed of two pulses with the similar shapes that are shifted in time by ±1/2 dt and have orthogonal polarization.
The apparent splitting parameters that produce the highest cross-correlation coefficient are best. Error estimates are made using the curvature of the cross-correlation function at the maximum following Menke [1989] .
[15] Some waveforms have little to no energy on the tangential component indicating no splitting of radial energy. This can occur if there is no anisotropy along the ray path or if either the fast or slow axis of anisotropy is aligned with the plane containing the ray. These so-called ''null'' splits can be useful in constraining the direction of fast anisotropy if they are combined with observations of split S waves from other azimuths. We extended the Silver and Chan [1991] method to ''station average'' split parameters following Schutt et al. [1998] . Station averages are formed from the sum of the corrected energy for all f and dt, for all events at a given station. The f and dt that give the minimum from that sum are the best fit parameters. Since the sum of c 2 variables is itself c 2 distributed, error estimates for station averages can be made using essentially the same F test statistics.
[16] Station averages are particularly useful when working with temporary arrays. A station operating for less than a year may only record a small number of useful SKS phases and many records may have a low signal-to-noise ratio. By summing the E t for all events at a station, the signal-to-noise ratio is effectively improved. However, this method is only valid for near-vertical rays transmitted through an anisotropic layer where the fast polarization direction is horizontal. This may not be the case for all stations in this array. For example, if the fast axis of anisotropy is subhorizontal, the apparent splitting parameters will vary with earthquake back azimuth [e.g., Crampin and Booth, 1985] . Similarly, the apparent splitting parameters will vary with back azimuth if there are multiple layers of anisotropy [e.g., Silver and Savage, 1994] .
Shear Wave Splitting at the Yellowstone Hot Spot

Data Analysis
[17] Seismic data used in this research came from three sources: a temporary deployment of 47 broadband seismographs deployed specifically for this study, four broadband stations in the University of Utah Seismograph Stations (UUSS) permanent network in Yellowstone and Utah, and five broadband stations in the U.S. National Seismograph Network (USNSN) (Figure 1 Lithosphere (PASSCAL) provided the instruments. Data were recorded using four different types of three-component, broadband seismometers: Güralp CMG-40T, CMG-3ESP, CMG-3T, and Streckeisen STS-2. The temporary arrays used RefTek 72 series digitizer recorders.
[18] Each SKS record from earthquakes of magnitude 5.6 or larger was examined for clear SKS arrivals. SKS is present at distances from 61°, for deep focus earthquakes, to 144°, for surface focus events. In practice, the proximate arrival of direct S and ScS at distances up to about 85°contaminate the SKS and make them unusable for splitting analysis. A time window of 20 to 35 s was selected around each phase, depending on the presence of other phases, and the data were band pass filtered between 1 s and 30 s. Each phase was analyzed with both the Silver and Chan [1991] and Levin et al. [1999] methods described above.
[19] For well-resolved phases, the two methods produce results that are insignificantly different at the 95% confidence interval. The agreement of two independent techniques provides confidence in the results. However, the Levin et al. [1999] method does not resolve splitting well when there is little energy on the tangential component. Data were sorted to remove events with 2s errors in dt > 1.05 s and 2s errors in f > 35°. Where the splitting parameters produced by the two different methods agree, they are judged high quality (A). In cases where results of the different methods do not agree, the results are carefully reviewed. They are included in the data set as good quality (B) if they show initial elliptical particle motion and the Levin et al. [1999] method results are within the 99% confidence bounds computed with the Silver and Chan [1991] method.
[20] The majority of events with good SKS phases originated in circum-Pacific subduction zones with back azimuths from SW through NW (Figure 2) . In order to improve the azimuthal distribution of the data set, we searched for additional PKS and SKKS phases from events at different back azimuths. The SKKS phase is found at distances out to 180°providing a greater set of possible events to use. The PKS phase is found at distances that overlap with the SKS, but can be useful where the geometry of the main fault planes in a particular seismogenic zone results in little S energy radiating toward our study area. All but one of the SKKS phases examined had low signal-to-noise ratios (<2) or the splitting parameters had large errors so they were not useful for examining individual splits. Four earthquakes with PKS phases from distances of 130°to 133°were found to be useful including one event with a NE back azimuth. The locations of all 91 earthquakes used in the splitting analysis are shown in Figure 2 , and they are listed in Table 1 .
[21] Station average splitting parameters were computed from the individual event results by summing the corrected energy for all events at a given station, and finding the minimum from that sum as described above. The signal-tonoise ratio of each waveform used in the station averaging was required to be greater than 2. Station averaging permits the use of data that have poorly resolved splitting parameters, but obvious split shear waves. They are particularly useful for noisy or temporary stations that have no wellresolved single-event split parameters. However, stations with several pairs of split parameters that have strong backazimuthal dependence are not good candidates for station averaging. Individual event splitting parameters were examined first and candidates for station average analysis were identified.
Individual Shear Wave Splitting Results
[22] A previous study of shear wave splitting across the ESRP (the track of the Yellowstone hot spot) 200 km SW of Yellowstone showed remarkable consistency in fast polarization direction over several hundred kilometers (Figure 3 ) [Schutt et al., 1998; Schutt and Humphreys, 2001] . With the exception of a few stations on the ends of the array, fast directions are parallel to the direction of absolute plate motion (APM). Schutt and colleagues suggest that the North America plate in the wake of the Yellowstone hot spot was warmed as it passed over the hot spot allowing asthenosphere material to be easily reoriented by plate motion induced shear. Individual shear wave splitting results from the Yellowstone area are more varied. Table 2 lists the highquality splitting results for each station. These results are plotted in Figure 3 along with the results from Schutt et al. [1998] for the ESRP.
[23] Our results from stations on or adjacent to the ESRP are generally consistent with the splits found by Schutt et al. [1998] . An example of diagnostic plots for a high-quality split for station Y03, on the ESRP, is shown in Figure 4 . In the mountainous region north of Yellowstone and the ESRP, splits are not of high quality and several stations have only one or two well-constrained null splits. The null splits are consistent with a fast direction parallel to the APM direction (249.5°± 10.7°) [Gripp and Gordon, 2002] . However, station Y23 at the northwest end of the array has one split with f = 10°and station Y38 has a split with f = 90°. While the uncertainty in the measurement at Y38 is large, the Y23 split is tightly constrained. The other two stations in this Figure 2 . Locations of earthquake epicenters used in the splitting analysis. The map is centered on Yellowstone. SKS, SKKS, and PKS phases were used.
area with well-constrained splits (Y14 and Y47) are close to parallel to plate motion. Stations northeast of Yellowstone (Y50 and Y51) have splitting fast directions (61°) parallel to plate motion, although null splits indicate a slightly more easterly oriented fast direction.
[24] East and southeast of Yellowstone, the splitting directions vary from NE to E-W. Station Y64 had nearly identical splitting parameters (f = $90°, dt = $0.83 s) for SKS and SKKS from the same event. One permanent station, BW06, did not have any high-quality splitting events during the five years (1999 -2003) examined for the study, although it did have seven null splits from NW and WSW back azimuths. Station Y35 at the southeastern end of the array had two splits oriented roughly E-W similar to the most northern station in the temporary CD-ROM array [Fox et al., 2001] , which is <100 km SW of Y35.
[25] Most stations have just one high-quality split so interpretation in terms of complex models with multiple layers or dipping fast polarization directions is not possible. Station HLID is an exception. This permanent station recorded 9 high-quality split S waves from 1999 through 2003. The f parameters computed at HLID demonstrate slight back-azimuthal dependence; split phases from events with SW back azimuths have WNW fast directions while split phases from the NW have E-W to WSW fast axes. The 2s uncertainties on these measurements overlap so a more complex model is not required by the data. However, Walker [2004] showed that the pattern is consistent with an anisotropic layer with direction of fast anisotropy dipping gently to the west. It may also be consistent with a model in which two or more anisotropic layers are responsible for the splitting. On the other hand, Hartog and Schwartz [2001] show that the four parameters describing the anisotropic structure of two horizontal layers cannot be uniquely determined using apparent splitting parameters alone.
[26] Finally, the permanent station LKWY within the youngest Yellowstone caldera had anomalous splits with NW oriented fast axes and large split times in excess of 2.5 s. The single A quality split from LKWY is plotted in Figure 3 . The waveforms and diagnostic plots used in the splitting analysis of this event are shown in Figure 4 . This splitting measurement and two B quality measurements are at high angles to the direction of APM and f at neighboring stations. This may indicate a strong, shallow source of anisotropy beneath the caldera.
Station Average Splitting Results
[27] Average splitting parameters for individual stations are especially useful at temporary stations for which there are few well-constrained splitting measurements. The results from several events are summed as described above to arrive at an average pair of splitting parameters for each station. A few caveats must be considered when interpreting station average splits, however. In general, station averaging of vertically propagating waves is only valid for a simple anisotropic medium with a horizontal fast polarization direction. This is a reasonable assumption in most areas, although features such as subducting slabs and ascending plumes may produce anisotropic fabric with dipping fast axes. Subhorizontal fast axes and multiple layers of anisotropy yield split parameters with back-azimuthal dependence. In addition, the phases used in the average must have very small angles of incidence. SKS, SKKS, and PKS phases used in this study have small incidence angles (<15°).
[28] Stations with strong back-azimuthal dependence may produce unrealistic station average splitting parameters, so care must be taken to examine the individual splitting results used in the average. For example, station Y23 has individual splits with both NNE and NNW f, but station average f = 58°, and dt = 0.35 s. A few of the stations in this study have a back-azimuthal dependence, but only HLID has high-quality splitting results that exhibit backazimuthal dependence. In general, the stations in this study have consistent splitting from all back azimuths and null splitting from events parallel or perpendicular to the fast direction computed by averaging.
[29] The station average splitting results for all the stations are plotted in Figure 5 along with the station Figure 3 . A quality individual event splitting parameters plotted as sticks aligned with the fast polarization direction with dt proportional to the length of the stick. Null splits are plotted with crosses. The sticks are plotted at the 150 km pierce points of the incoming ray to highlight any back-azimuthal dependence on the splitting parameters. Small arrows indicate the propagation direction. Open circles represent stations used in this study, and solid circles are from Schutt et al. [1998] and D. L. Schutt (unpublished data, 2003) . Large arrows represent the direction of absolute plate motion and the trend of the Yellowstone hot spot from Gripp and Gordon [2002] .
averages from Schutt et al. [1998] . Symbols are as in Figure 3 except the sticks are plotted at the station locations instead of at the 150 km pierce points. The average splitting parameters are also plotted as a function of longitude in Figure 6 to facilitate interpretation. the ESRP, have individual f that show back-azimuthal dependence, or are within the Yellowstone caldera.
Discussion of Shear Wave Splitting Measurements
[32] The shear wave splitting results from this study imply a relatively simple anisotropic structure beneath much of the region surrounding the Yellowstone hot spot. Figure 7 shows splitting results from stations across the western United States. The plot combines individual splits and station average data from several studies and previous compilations [Silver, 1996; Schutt et al., 1998; Savage and Sheehan, 2000; Polet and Kanamori, 2002; Walker, 2004; D. L. Schutt, unpublished data, 2003 ]. The similarity in splitting directions at Yellowstone and across the ESRP is remarkable in this western U.S. context. The upper mantle fabric under Yellowstone seems relatively simple and can broadly be interpreted as due to North America plate motion. The shear of the North America plate over the relatively stable mantle would produce a lattice-preferred orientation (LPO) of olivine fast a axes, and therefore f, in the direction of plate motion. The mean station average dt of 0.9 s is explained by a 100-km-thick layer of 4% anisotropic mantle. This simple asthenospheric flow model has been invoked to explain teleseismic shear wave splitting observations worldwide.
[33] Although asthenosphere flow is an attractive model for the observed splitting parameters at Yellowstone, the stations with splitting fast axes that deviate from the APM require an alternate explanation. Archean lithosphere fabric and melt-filled cracks may produce detectable anisotropy in some areas. Small-scale convection in the upper mantle may also produce anisotropic fabric with fast polarization directions that differ from the APM.
[34] In the following five subsections, splitting results from this study will be discussed for different parts of the array. The discussion begins with an interpretation of the ESRP splits, then moves clockwise around the Yellowstone caldera to stations north, NE, east and SE of Yellowstone. Gripp and Gordon [2002] . Note that station averages are computed from more data than are shown in Figure 3 .
Finally, the unusual splits for stations within the caldera are discussed. These five areas are circled in Figure 5 to simplify the discussion. Larger-scale interpretations are made in the last two subsections of the discussion. The pattern of splitting that might be expected for plumeinfluenced flow at the base of the lithosphere is modeled and compared to the station average splits. The last subsection details implications of eastward mantle flow beneath the array.
Shear Wave Splitting on and Adjacent to the Eastern Snake River Plain
[35] Schutt and Humphreys [2001] interpret the uniform southwesterly trend of fast axes across the ESRP as result- ing from relatively shallow asthenospheric flow. This agrees with the fast Pn anisotropy direction, which reflects uppermost mantle fabric. Smith and Ekström [1999] found the fast Pn direction is parallel to APM in the ESRP. The splitting results from stations on and adjacent to the ESRP in this study are mostly consistent with this interpretation. The combination of consistent splitting fast directions for events with different back azimuths and null splits for events with back azimuths parallel or perpendicular to the fast direction are explained with a single anisotropic layer.
[36] Shear wave splitting directions at stations farther from Yellowstone along the ESRP are not consistent with those of Schutt et al. [1998] or this study. Results from Walker's [2004] temporary four-station array hint at a rotation in fast anisotropy directions from NE-SW to E-W and ESE-WNW where the ESRP becomes oriented NW-SE. The GPS-derived velocity field relative to stable North America appears to mimic this rotation as well, however the rate of extension on the ESRP ($2 mm/yr) [Puskas et al., 2002] is roughly an order of magnitude lower than the plate motion of 2.6 cm/yr [Gripp and Gordon, 2002] and may be relatively insignificant.
Splitting at Stations North of Yellowstone
[37] Splitting fast axes at stations north of Yellowstone (BOZ, Y12, Y13, Y14, Y23, Y24, Y25, Y26, Y37, Y38, Y39, Y40 in Figures 3 and 5) can also be explained by simple asthenosphere flow, although the delay times are generally small (dt < 0.5 s). Unlike stations on the ESRP, split waveforms are noisy and few stations have any highquality splits. The two stations that do have high-quality splits (Y23, Y24) have fast polarization directions that are significantly different from the station averages. Asthenospheric flow may produce splitting parallel to APM, but propagation of the split waves through the complex structure in the lithosphere beneath these stations likely scatters energy.
Splitting at Stations NE of Yellowstone
[38] Splitting fast directions at stations NE of Yellowstone (Y47, Y50, Y51, Y61, Y62, and Y101 in Figures 3 and 5) are also parallel to the direction of plate motion. Again, the simplest explanation for this orientation is simple asthenosphere flow. However, the LPO in the asthenosphere may be complemented by similarly oriented anisotropic structure in the lithosphere. Several Precambrian provinces strike NE, parallel to the direction of plate motion, and may be affecting the splitting results (Figure 8 ). For example, the Proterozoic Madison mylonite zone may represent an ancient, deep shear zone [Erslev and Sutter, 1990] . Anisotropic fabric that would have developed while that feature was active would have a fast direction approximately parallel to the shear direction causing an additive effect in the delay between shear waves split in the underlying asthenosphere. Station Y47 which is closest to the Madison shear zone has dt = 1.0 s, which is not especially large, but larger than the split times of the rest of the stations north of Yellowstone.
Splitting at Stations East and SE of Yellowstone
[39] The pattern of splitting fast directions east and SE of Yellowstone is quite complex with several stations having f far from the plate motion direction. Here, we suggest that lithosphere structure influences the observed shear wave splitting. For example, a north dipping P and S wave highvelocity anomaly imaged with tomography extends from the surface expression of the Cheyenne belt to a depth of 200 km . Dueker et al. [2001] interpret it as an old slab associated with suturing along the Cheyenne belt. The thermal signature of this remnant slab would be diffused, so the seismic anomaly is attributed to anisotropic structure in the slab. A change in the shear wave splitting fast directions was observed in two arrays that cross the suture and could be due to a north dipping fast axis [Fox et al., 2001] .
[40] The station averages as well as the poorly constrained individual splitting measurements at Y34 and Y22 are consistent with a NW dipping fast axis (Figures 3  and 5) . Although Y34 and Y22 are $150 km north of the surface expression of the Cheyenne Belt, they sit above a NW dipping high-velocity anomaly [Waite et al., 2003 ]. This anomaly may be similar to the feature found by Dueker et al. [2001] . The splits measured above the anomaly could be due to a dipping anisotropic structure rather than asthenosphere flow.
[41] East of Yellowstone the fast Pn direction is E-W [Smith and Ekström, 1999] . The easternmost stations in the array (Y35, Y46, Y64) have varied fast polarization directions that are difficult to interpret. They may be related to deep lithospheric structural features in the Archean Wyoming block, but such interpretation is conjectural.
Splitting at Yellowstone Caldera Stations
[42] The most striking feature of Figure 5 is the rotation of fast polarization directions at stations in the Yellowstone caldera. The large change in direction (73°between Y102 and LKWY; 62°between YMR and LKWY) over such small distances ($30 km) suggests a shallow source. However, splitting at stations LKWY, Y100 and Y102 also have the largest average delay times (dt > 2 s) of the stations in the array. The large split times and shallow source require a highly anisotropic medium.
[43] Fresnel zones have been used to estimate the depth of the anisotropy measured with teleseismic shear wave splitting [e.g., Alsina and Snieder, 1995; Rümpker and Ryberg, 2000] . The width of the Fresnel zone depends on the wavelength and path length of the ray. If the Fresnel zones of two waves traveling in the same direction overlap, the waves should have similar characteristics. Consider two stations that record an SKS from the same earthquake. Near [Silver, 1996; Schutt et al., 1998; Savage and Sheehan, 2000; Polet and Kanamori, 2002; Walker, 2004; D. L. Schutt, personal communication, 2003] . State (light green) and physiographic (dashed red) boundaries are shown for reference. The orange line outlines the three Yellowstone Plateau (YP) calderas. the source, the ray paths are nearly the same so the waves should be the same. The ray paths diverge as they approach the recording station, and their Fresnel zones overlap less. The Fresnel zones also get smaller near the stations. At shallow depths below the stations, the Fresnel zones may no longer overlap, so the waves will sense different medium characteristics. The depth at which the Fresnel zones separate depends on the station spacing and the width of the Fresnel zones.
[44] Rümpker and Ryberg [2000] estimate the sensitivity range (roughly equivalent to Fresnel zone) of vertically propagating shear waves using finite difference modeling. The model consists of a 150-km-thick anisotropic layer that is moved from the surface through the upper mantle. This Figure 8 . Station averages plotted over a slice through the shear wave velocity model at 90 km depth [Waite et al., 2003] . Major Precambrian structural features are plotted after Karlstrom et al. [2002] . The high-velocity (blue) anomaly in the SE of the array may represent an Archean structural feature. modeling suggests S waves with a dominant period of 8 s are sensitive to changes in anisotropy to a distance of at least 75 km from the station. This distance increases with depth to the top of the anisotropic layer. Rümpker and Ryberg [2000] do not vary the thickness of the anisotropic layer. For a given layer depth, the sensitivity distance will decrease with a thinner anisotropic layer. Alsina and Snieder [1995] used a simpler modeling technique to estimate the sensitivity range of S waves that does not account for thickness of the anisotropic layer. This modeling yields much smaller estimates for the sensitivity range for a given depth of the top of the anisotropic layer ($40 km smaller than estimated by Rümpker and Ryberg [2000] ).
[45] Waves that sense two adjacent anisotropic layers can produce apparent splitting unlike what would be caused by either layer alone [e.g., Rümpker and Ryberg, 2000] . Therefore two closely spaced stations with significantly different splitting parameters, such as Y102 and LKWY, must be interpreted with caution. The sensitivity ranges of stations Y102 and LKWY, which are 30 km apart, may overlap at all depths. Splitting results from station LKWY do not indicate significant variation with back azimuth or dominant period as would be expected for vertically or laterally varying anisotropy. However, a wider range of back azimuths might reveal some variation in the splitting parameters. There were no good events recorded from eastern back azimuths at LKWY (i.e., all useable split waves had back azimuths from 180°to 360°). The station average f at Y102 is not as well constrained and may result from a complex anisotropic structure. Despite the possible complications in the interpretation, there is certainly strong anisotropy in the lithosphere beneath Yellowstone.
[46] Stress-oriented parallel fluid-filled cracks may cause the anomalous splitting observed in the Yellowstone caldera. Because the scale of these cracks is much smaller than the wavelengths of teleseismic shear waves, the result is an anisotropic structure with the slow direction parallel to the extension direction and the faster shear wave polarized parallel to the crack faces [e.g., Kendall, 1994] . Many authors have invoked aligned, fluid-filled microcracks to explain anisotropy in the lithosphere [see, e.g., Gao et al., 1997; Crampin and Chastin, 2003, and references therein] .
[47] The directions of maximum extensional strain (e max ) estimated from GPS measurements [Puskas et al., 2002] , and minimum principal stress (s 3 ) estimated from focal mechanisms at Yellowstone support this interpretation of stress-induced crack opening. The directions of e max and s 3 rotate from roughly N-S NW of the Yellowstone caldera to NE-SW within the central part of the caldera (e.g., near LKWY). This could produce crack anisotropy with a fast horizontal polarization direction NW-SE, which is parallel to the f at LKWY (132°± 2.2°). A similar model is proposed for the average f at station Y100. did not calculate the stress field around Y100 as there are few earthquakes in that area, but it is likely to be consistent with the rotation observed west of that area.
[48] Local earthquake tomography revealed an area of low V P and low V P /V S in the shallow crust at Yellowstone interpreted as gas-filled pores [Husen et al., 2004] . Gasfilled aligned microcracks could produce strong anisotropy in the upper crust. An analysis of local earthquake S wave splitting indicates anisotropy up to 5% in the upper crust that is likely due to stress-oriented microcracks. However, gas is likely confined to the shallow crust. A much thicker package of anisotropic material is required to explain the split times observed in the teleseismic data.
[49] The strong low-velocity anomaly in the upper mantle directly beneath Yellowstone caldera may be due, in part, to a small percentage of melt. The melt is likely organized in thin lenses oriented by the stress field [e.g., Faul et al., 1994; Hammond and Humphreys, 2000] . Recently, Kendall et al. [2005] suggested rift-parallel splitting of $1.5 s observed above the Ethiopian rift is dominantly due to alignment of less than 0.1% melt fraction in the upper 70-90 km. This assumes a crack aspect ratio of 0.03. The larger split times observed within the Yellowstone caldera would require a larger melt fraction, thicker region of anisotropic material, cracks with a smaller aspect ratio, or a combination.
[50] Assuming a mean velocity of 4.3 km/s (4.5 km/s, À5%) from the tomography, anisotropy should be at least 8% to produce >2 s delays in a layer $100 km thick. The fast and slow shear wave velocities can be estimated using
where V 1 and V 2 are the fast and slow velocities and V is the mean velocity. The shear wave velocity in the fast direction would be 4.47 km/s, and the slow velocity would be 4.13 km/s to produce an anisotropy of 8%. If the anisotropy were due to oriented melt lenses and assuming that the fast shear waves are not affected by the melt pockets, $1% partial melt-filled cracks with a aspect ratio of 0.05 [Hammond and Humphreys, 2000] would reduce the velocity of slow waves by 7.7%. Our estimate is consistent with effective medium theory modeling used by Ayele et al. [2004] for 1% melt fraction and a crack aspect ratio of $0.025. A thinner anisotropic layer would require a higher percentage of partial melt-filled cracks or a smaller crack aspect ratio to produce the observed splitting.
[51] Station average fast polarization directions at Y102 and YMR are parallel to the plate motion direction. These measurements may be due to simple asthenosphere flow in the upper asthenosphere or stress-oriented cracks aligned parallel to the fast splitting directions at those stations. However, observations of e max and s 3 do not support interpretation of stress-aligned cracks. The largest station average delay time of 2.8 s was computed for Y102. The station average dt at YMR is 0.7 s; however, individual splits at YMR indicate a degree of back azimuthal dependence that can result in smaller station average split times. Flow in the asthenosphere beneath the caldera could be influenced by upwelling material. The V P and V S tomography indicates low velocities to $200 km depth beneath the caldera and to $400 km depth 100 km NW of the caldera. If this low-velocity zone represents relatively warm, rising material, flow at the base of the plate could be turbulent to produce no coherent anisotropy.
[52] Laboratory measurements show that the presence of water in olivine can alter the development of LPO such that a axes are not parallel to the shear direction [Jung and Karato, 2001] . However, the tomography results indicate melt is likely in the uppermost mantle and crust beneath Yellowstone [Waite et al., 2003; Husen et al., 2004; Jordan et al., 2004] . Since water is preferentially segregated into the melt, free water is not likely to be present along with melt. Recent laboratory simulations show that melt can also influence the development of LPO via strain partioning, causing a axes to be oriented up to 90°to the shear direction [Holtzman et al., 2003] . This implies that if the direction of maximum shear is parallel to plate motion and melt is present, LPO could develop with horizontal a axes oriented 90°to plate motion. Strain partitioning may influence the splitting fast directions at Yellowstone. At the least, this laboratory work highlights the complexity of interpreting teleseismic shear wave splitting measurements above active hot spots.
[53] It is possible that the complex upper mantle structure beneath the caldera scatters energy such that significant SKS energy appears on the tangential component without splitting due to anisotropy. Scattering and attenuation are likely to affect the anomalous waveforms recorded within the caldera due to the heterogeneous upper mantle and crust. Scattering could result in nonlinear horizontal particle motions that look like split S waves. However, Alsina and Snieder [1995] found that scattered energy on the tangential component could not in general be removed by unsplitting the waveforms. In contrast, most ($60%) of the energy on the tangential component in the example for LKWY in Figure 4 is removed by applying the best fit splitting parameters. The overall character of SKS waveforms recorded at stations within the caldera is indicative of splitting due to anisotropy rather than scattering.
[54] The large velocity gradients in the upper 200 km beneath Yellowstone (Figure 8 ) could also affect the apparent splitting measurements there by, for example, severely bending rays out of the plane between source and receiver. We calculated the initial polarization angle of the SKS phases after correction for the splitting parameters and found small 5°-10°deviations from the back azimuth direction. The strong velocity gradients beneath the caldera do not appear to have a significant effect on initial polarization estimate.
Evaluating Models of Plume-Plate Interaction
[55] Shear wave splitting observations have been compared with models of plume-plate interaction at the Hawaiian hot spot [Walker et al., 2001 , the Eifel hot spot [Walker, 2004] , Iceland [Bjarnason et al., 2002] , and the Society hot spot [Russo and Okal, 1998 ]. The basic model that has been used to explain splitting observations at stations within several hundred km of Hawaii and Eifel is based on the expected flow patterns resulting from buoyantly ascending plume material being deflected at the base of a moving plate. A combination of the plate-related shear and radial flow of plume material could produce a parabolic flow pattern and a similar parabolic pattern of splitting fast axes [e.g., Walker et al., 2001] . The parabolic pattern of splitting fast directions in the central Basin and Range (Figure 7 ) has also been attributed to a possible upwelling there [Savage and Sheehan, 2000] . At Iceland, however, the effects of strain related to diverging plates and underlying mantle flow can explain the observed splitting [Bjarnason et al., 2002] .
[56] Numerical modeling of the orientation of olivine a axes adjacent to plumes indicates the anisotropic fabric might be more complex than the flow lines would indicate [Rümpker and Silver, 2000; Kaminski and Ribe, 2002] . In particular, the rapid changes in flow directions near the hypothetical plume are not expected to produce a coherent vertical layer of anisotropic material. Because the flow directions are likely to be different at different depths near a plume, observations of near-vertical propagating teleseismic S waves at the surface near the plume should have little to no splitting. In addition, Kaminski and Ribe [2002] show that for small strains, olivine a axes align at approximately 45°to the flow direction and in areas of rapid changes in flow directions, a axes align at high angles to the flow directions. While these small-scale changes will not likely be observed in teleseismic S waves that average the structure over tens of kilometers, this modeling points to the potential complexity of anisotropy near the model plume.
[57] Farther from the plume where the flow is more uniform, numerical modeling predicts that the a axes align with the flow direction; so parabolic asthenosphere flow should be detectable at stations away from the plume [Kaminski and Ribe, 2002] . The distance from the plume at which the a axes align parallel to flow depends primarily on the velocity of the plate and the amount of plume material ascending and spreading. A low plate velocity combined with a large volume of ascending mantle material would produce a wide parabola.
[58] We modeled parabolic flow in two dimensions as a point source into a uniform stream [Milne-Thomson, 1968, p. 211; Savage and Sheehan, 2000; Walker et al., 2001] . The uniform streamflow is a proxy for plate motion-induced shear in the asthenosphere, while the point source represents gravitational spreading of buoyant plume material at the base of the plate. The flow direction at the location of each station is computed from interpolation of the flow field.
[59] A model flow field that coincides with the high topography around the ESRP is shown in Figure 9a . This model was designed to correspond with previous models of plume-related flow at Yellowstone by Sleep [1990] , Smith and Braile [1994] , and Lowry et al. [2000] that use the high topography around the Yellowstone-ESRP system to estimate the extent of plume material. Flow lines are plotted as fine dark lines. The stagnation streamline, representing the separation between plume material and normal mantle [Sleep, 1990] , is shown with a dark heavy line. The model flow directions at each station are shown as red or green sticks depending on whether the misfit is larger or smaller than 30°. Station average f directions are shown as black sticks. Stations within the caldera, as well as those stations south and east of Yellowstone have the largest errors.
[60] The model with the best fit to the data was found using a grid search over a range of possible combinations of point source location, source strength, and stream velocity (Figure 9b ). The best-fit model has a plume in the center of the Yellowstone caldera and a small plume influence on the flow field. The width of the parabola is roughly coincident with the width of the ESRP and much narrower than the topographic high attributed to spreading plume material in earlier studies. Note that the upper mantle low-velocity anomaly imaged with V P and V S tomography is also roughly the width of the ESRP (Figure 8 ). If this model is correct, the plume material is confined to a downstream area roughly the width of the ESRP. This model is not consistent with the idea that the topographic high around the ESRP is due to buoyant plume material.
Mantle Flow and Shear Wave Splitting Fast Directions
[61] Most studies of shear wave splitting that explain splitting with simple asthenosphere flow assume that the mantle is stable relative to the moving plate. The direction of maximum strain, olivine a axes, and fast anisotropy are presumed to be parallel to the plate motion. If the subasthenospheric mantle is convecting, however, the direction of maximum shear, and thus lattice preferred orientation of olivine a axes in the asthenosphere might be very different. Recent studies have incorporated mantle velocity into interpretation of splitting fast directions that are different from the absolute plate motion [Bjarnason et al., 2002; Silver and Holt, 2002] . The differential motion between the lithosphere, V L , and mantle at the base of the asthenosphere, V M produces a LPO fabric by simple shear that has magnitude and direction:
[62] We compared shear wave splitting f for stations on the ESRP with the direction of absolute plate motion from Gripp and Gordon [2002] plus GPS-derived extension on the ESRP [Puskas et al., 2002] , and mantle flow models. The ESRP was chosen for this comparison between mantle flow, plate motion and splitting fast axes because the splitting directions on the ESRP are uniform. In addition, the lithosphere beneath the ESRP has likely been reworked by passage over the hot spot and is not expected to have strong fossil anisotropy [Schutt and Humphreys, 2001] . Anisotropic fabric in the lithosphere should be relatively simple and reflect recent (<10 Ma) strain.
[63] The ESRP is extending in approximately the direction of plate motion, so we can estimate V L from the plate motion vector in HS3-NUVEL-1 [Gripp and Gordon, 2002] plus the lithosphere deformation vector to get 249°a t 2.8 cm/yr. All mantle flow vectors are from modeling by B. Steinberger (personal communication, 2003) [see Steinberger, 2000] . In these models, density contrasts in the mantle, which are computed from seismic velocity models, drive mantle flow. In North America, the highvelocity, high-density, sinking Farallon slab, now beneath mid-America, is driving eastward upper mantle flow beneath the western United States [Bunge and Grand, 2000] . We compared the plate motion [Gripp and Gordon, 2002 ] with Steinberger's mantle flow fields to predict the asthenosphere LPO.
[64] The mantle velocity predicted by the velocity model of Grand et al. [1997] is very small and has little effect on the predicted f. The seismic velocity model of Su et al. [1994] predicts ENE mantle velocities on the order of the plate velocity resulting in slightly more easterly oriented V f . The change in direction is less than 10°, which is within the error on the APM direction. Shear wave fast polarization directions on the ESRP are compatible with differential flow between the North America plate and both of Steinberger's mantle flow models. However, the anisotropy beneath the ESRP can be explained as easily by plate motion over a stationary mantle. We cannot discriminate between Steinberger's mantle models and a stationary upper mantle.
Summary
[65] The majority of the shear wave splitting fast axes measured around the Yellowstone hot spot can be interpreted as due to simple shear in the asthenosphere. The nearly uniform direction of splitting fast axes, particularly from stations on and adjacent to the ESRP, is unusual compared to splitting measurements made in the rest of the western United States. The fabric of the asthenosphere and lower lithosphere on the ESRP has likely been reworked by strain and higher temperatures associated with passage over the Yellowstone hot spot. We do not find evidence for radial flow in the asthenosphere found at other hot spots and interpreted to be related to ascending plume material. In particular, the patterns of splitting directions do not match the topographic parabola surrounding Yellowstone and the ESRP. This suggests estimates of a plume buoyancy flux [Sleep, 1990; Lowry et al., 2000] at Yellowstone may be too large. If a Yellowstone plume is responsible for the hot spot volcanism, it may be too small, relative to the plate velocity, to be recognized with this technique. Smaller-scale radial flow might be detected in areas adjacent to the Yellowstone caldera if the spatial sampling of shear wave splitting measurements is improved.
[66] Plate motion over a relatively stable mantle is primarily responsible for the anisotropic structure observed. We found that the mantle flow predicted by Steinberger [2000] should not significantly affect the direction of fast anisotropy in the asthenosphere. The direction of upper mantle flow beneath Yellowstone is likely nearly parallel to the APM and f directions. Alternatively, the velocity of mantle flow may be much lower than the plate motion velocity so that shear in the asthenosphere is primarily a result of plate motion over a relatively stable mantle.
[67] A striking feature of the splitting data is the rotation of fast axes within the Yellowstone caldera. These $70°c hanges in the f orientations are unlikely to reflect asthenosphere fabric because they occur between stations 30 km apart. This is indicative of a shallow source of anisotropy. The large (dt > 2 s) split times recorded at these stations suggest a high degree of anisotropy. However, splitting measurements at intracaldera stations are relatively sparse, even at the permanent USNSN station LKWY. While we cannot rule out a cause other than anisotropy for the observed tangential SKS energy, the data are consistent with anisotropy due to vertical melt lenses in the lithosphere oriented by the strain field.
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